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The Global Energy Outlook
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Renewable Energy Sources

Time-shift benefits of energy storage
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Energy Vectors

Hydrogen v~ High Specific Energy Batteries
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Water Electrolysis
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Hydrogen Demand & Other Applications
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Hydrogen Production

m Steam Reforming
Natural Gas

Steam Reforming
Coal

m \Vater Electrolysis

Only ~2% of H, is produced via water electrolysis!




Hydrogen Cost

[ |
g_ & Combined sensitivity
a CO; price sensitivity
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Cheaper electrolysis is a pathway toward a green energy economy based on H,




Water Electrolysis Cost: Efficiency

Problem: Energy Input for Water Splitting = 2V

< >
03V oV 1.23V 1.6V

< > > < o>
OPy:x A Theoretical E° A or,
H*/H, H,0/0,

Goal: : Energy Input for Water Splitting = 1.4V



Water Electrolysis Cost: Materials

System Cost ($/kW) - PEM - 1 MW Non-Precious Catalysts:

m Miscellanous

Means to decrease device

m Cooling

= Hydrogen Processing CO St

H Deionized Water Circulation

= Power Supplies

m Balance of Stack

® Assembly & End-Plates
m Bipolar Plates

® Frame

® Porous Transport Layer
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The Proton Exchange Membrane Fuel Cell
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PEMFC Losses
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Progress
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Progress Cont’d

FC System Cost ($/kWhnet)
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The Hydrogen Economy
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Scope of Proposed Work

Aim 1: Rational Design, Testing, and Aim 2: Design of Materials and
Characterization of Non-Precious Interfaces for Enhanced Water
Electrocatalysts for Hydrogen Transport in Fuel Cells at Subzero
Evolution Temperature

Non-Precious Molybdenum Disulfide HER Catalyst PEMFC Catalyst Layer



PEM Electrolysis Cell ~(Hj0 )~  PEM Fuel Cell

2e-

2e- 2e-
H, ¢= H, ne= i
| |
Cathodic PEM Anodic Anodic EM Cathodic
catalyst catalyst catalyst catalyst

Overall reaction: H,0 — H, + 2 O, ||| Overall reaction: H, + /2 0, — H,0




Non-Precious Catalysts for Hydrogen Evolution

Heteroatom-Doped Nanocarbons Molecular Catalysts

Issues
* Complicated/expensive processing
* Low efficiency

U J.B. SPEED SCHOOL
. OF ENGINEERING



Molybdenum Disulfide (MoS,)

* Promising non-precious hydrogen
evolution catalyst

* Transition metal dichalcogenide (metal
sulfide)

* Good activity & stability

Edge Sites Active for HER

U J.B. SPEED SCHOOL
. OF ENGINEERING



MoS, via Intense Pulsed Light Treatment

Gupta, A. et al. Nanotechnology 30, (2019)

| —Pt
21 —IPL-MoS
- | — MosS,
1—GCE
o
8 - Gl
-10

06 05 04 03 -02 -01 00
E vs. RHE (V)

Q=4 j f INVS:Ied" VISl Decent Activity, Facile Synthesis, but not as Efficient as Pt!
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The Hydrogenase Enzyme

Three Types of Hydrogenase Active Sites Found in Nature

N NH
cys [ Me
S, Fe484h

OC Cys™ k\\ /Scys CYS/ \ // \\

NC‘"/ \ oc“‘/ o / \'"CN

NC Scys

Pros:
>2x More Active than Pt O,-Sensitive
Non-Precious Metal Center Expensive to Produce
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Biomimetic Hydrogenase-Inspired Catalysts

- Fontecave’s Hydrogenase Mimic
o+
B F |

i 1 mA.cm ¢

Potential (E) / V

* Reversible HER/HOR . U=eSeTee
* Less Efficient than Pt
* Expensive Fabrication N
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Thiosemicarbazones

Gupta, A. J. et al. Inorg. Chem. 58, 12025-12039 (2019)

H\ / \ H . 0
N—N N—n~ Ni(acetate)4H,0 |
R1\hll/§8 S)\T’R1 CH3OH l 24
R2 H,L R2 <
E 44
Y <
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| £ . ooy
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I I ——300 Cycles
R, Ry 84 Pt
Poor Initial Activity - —
" 0-0.8 -OI.6 I -0I.4 I -0I.2 I 0.0
Improved Performance After Reductive Cycling E (V)
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Thiosemicarbazones Cont’d

Stacking Interactions Break-In Disrupts
Conceal Active Sites Stacking Interactions

Reductive
Cycling

Activated

Big Improvement, but Still not a Great Catalyst...
* Remaining Stacking Interactions
* Poor Electron Transfer

Gupta, A. J. et al. Inorg. Chem. 58, 12025-12039 (2019)
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Improved TSCs for HER Part 1

Aim 1a: Facilitate Charge Transfer by Linking Molecule to Electrode Surface

* Monolayer with Each Metal Center Exposed to Reaction Medium
* Improved Charge Transfer
* Improved Film Stability
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Improved TSCs for HER Part 1 Cont’d

Diazonium Coupling

H5C CHj
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Improved TSCs for HER Part 2

Aim 1b: Incorporate High-Surface-Area Carbon Supports

\ ALY ¥ ; X il p
Tor £\ & T i)

}\-\"

SR Z AN
AL LR T T |
Graphitic Carbon Nanofibers Prepared via Pyrolysis of Polymer Mixture
* Enhanced Percolation Volume

* Increased Specific Surface Area
* Higher Catalyst Concentration
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PEM Electrolysis Cell ~(Hj0 )~  PEM Fuel Cell

2e-

2e- 2e-
H, ¢= H, ne= i
| |
Cathodic PEM Anodic Anodic EM Cathodic
catalyst catalyst catalyst catalyst

Overall reaction: H,0 — H, + 2 O, ||| Overall reaction: H, + /2 0, — H,0
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Motivation

2b stack:
Passive water

_BEQ_I?I tor management
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Fuel Cells for Subzero Temperature Operation
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Fuel Cells for Subzero Temperature Operation

i i ACME)

= Tounu=15°C Irreversible Damage:

= I:,":::::;ﬁf * |ce Expansion at Interfaces
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Trarne=80°C Coarsening

* Cracking/Pinholes in Membrane
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Understanding of Nafion

Cluster-Network Model

isolated clusters in polymer network

cluster coalescence with growth of
clusters and connecting channels

4-6nm

» Los Alamos
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Operating Mechanism at Subzero Temperature

A ="7.1 Ice Formation in CL
Membrane Hydration |

Nonzero cell voltage A=~2.4 ’
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Mitigating Strategies

: flow field

Gas gas d!ffusm‘rn la)f$
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Model for Cell Water/Ice Capacity

Interpolate diffusion media pore volume from data by Atkinson et al

Catalyst layer porosity & thickness:

lc_l_lpt_l_lNafion
Pc Ppt PNafion

tCL_<
CL

Mass of water in ionomer:

Mp,oMNafion




Approach

Tailor Materials and Interfaces for Enhanced Freeze Tolerance

Aim 2a: Dope Membrane with Hydrophilic Compounds to
Increase Water Sorption and Confer Antifreeze Properties

Aim 2b: Passively Expel Supercooled Water from Active Sites
Using a Superhydrophobic Catalyst Layer

Aim 2c: Create an Additional Water Storage Reservoir by ,
Impregnating Diffusion Media with Polyelectrolyte Channels |




Aim 2a: Doped Membrane

Hypothesis:

1. Mitigate ice crystal formation in
membrane via internal antifreeze
action

2. Increase driving force for water
sequestration in membrane

3. Increase water absorbed by
membrane before it accumulates
elsewhere (A,)

“Keggin” Heteropoly acid Structure

- - Los Alamos




Aim 2a: Preliminary Results

8 2
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Future Work: Aim 2a

Investigate Origin of Improved Freeze Tolerance

Explore Catalyst Poisoning Effect over Temperature, Current, and Concentration

HPW Concentration (wt%)
Current Density (mA cm™?) 0 0.5 1 1.5
20 T=-10°C
1 OR
0.05 T=-30°C
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Aim 2b: Superhydrophobic Catalyst Layer

Goal: Clear Active Sites via Passive Expulsion of Water

* Superhydrophobic: 6 > 150 °
* Activation Energy for Wetting:
+ 46 =2 [—2 T o1 (0)
et

Ry, TIn|—
Pwhw (psl

. f(O)= %(2 + c0s0) (1 — cosH)?

* Time to Freeze 55x Longer on Superhydrophobic Surface

» Additives (PTFE, DSO, FEP, etc.)
* Adversely Impact Efficiency & 0 <150 °




Aim 2b: Electrosprayed Catalyst Layers

Electrosprayed

Lotus Effect

e 8>150°
* Reduced Pore Wetting




Aim 2c: Structured Amphiphilic Diffusion
Media

Goal: Create Additional Water Sequestration Volume while Sacrificing
Minimal Gas Diffusion Space

\\\\\\\\\\\\\\\\\\\\\\\\\

: : o S Nafion
‘¢ | Diffusion |y R R R R e et acxd Channel
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Aim 2c: Structured Amphiphilic Diffusion

Nafion

1/20/2021 [mode| HV mag EET WD [spot
3:56:39 PM| SE |5.00kV| 84x |9.0mm/| 4.0

Cross Section Top Down

Approach: Hot Press Nafion through a Template into Gas Diffusion Backing
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Subzero Temperature Operating Mechanism

* At Constant Current: R, R, Ry

* R, present initially E-"‘]:]F"p | CPL,

* R, appears later bid

* Questions: ' 0.9 Afem?

* Diffusion limitations or something 0.3 1

else? -

* Diffusion limitations at anode vs.
cathode?

 Diffusion resistances dominate in
catalyst layer or diffusion media?

* Knudsen diffusion resistance becomes
significant with ice buildup?
e Oxygen diffusion resistance through

ionomer behavior at low o Experimental
temperature? — Fitted

HF.I 1 Hu‘l
_{]2 =

7 (Q-em?)

—ﬂ.l il




Monitoring Water/Ice Distribution in-situ

e Diffusion resistance from Fick’s 15t law:

0 0

* Rq =}G)M + Rcr,gas +/R€L,ion

. _ _ _ hcL :
Rd — RCL,gaS — RKnudsen — Deff Possible Result:
0O - 0 .
2 Real-Time Monitoring of Freeze

° Deff — S—OD . -

0 7 02 Mechanism via EIS

DKnudsen,Oz Doz,mix

-1
1 1
* Do, = ( + ) ~ Dgnudsen,o,

¢ DKnudsen,Oz = ZrKn: doen 735:2
Dynudsen ~ Catalyst Layer Ice Coverage
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PEM Electrolysis Cell ~(H,0 )~  PEM Fuel Cell

2e-

%0,
2e- 2e-
| |
Cathodic PEM Anodic Anodic EM Cathodic
catalyst catalyst catalyst catalyst

Overall reaction: H,0 — H, + 2 O, | | Overall reaction: H, + /2 0, —» H,0

v v
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Impact of the Study

* Efficient Non-Precious HER Catalysts:
* Translate Hydrogenase Activity to electrodes

e Fuel Cells for Subzero Temperature Operations: R,

* Unlock New PEMFC Applications
* Augment Transportation, Grid Storage, and Auxiliary power
applications

e Contribute to Fundamental Understanding of Temperature-
Dependence in Energy Conversion Systems




Timelines

Efficient Non-Precious HER Catalysts

EOY 2021 EOY 2022
Surface-Linked TSC
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Fuel Cells for Subzero Temperature Operations
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IPL-MoS, Structural/Chemical Validation

A
MoS;~ + 2NH, — MoS; + H,S + S + 2NHa.

Intensity (A.U)
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Raman Shift (cm™)
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UL OF ENGINEERING Gupta, A. et al. Nanotechnology 30, (2019)



IPL-MoS, Activity & Stability

MoS, catalyst Overpotential (mV) @ 10 mA cm 2 Tafel slope (mV dec™
IPL-MoS, (this study) 200 62.3
Core—shell MoO;—MoS; nanowires [34] ~250 50-60
MoS, NSs-550 [35] ~200 68
Amorphous molybdenum sulfide [36] 200 60
1T-MoS, [13] 187 43
Defect-rich MoS- nanosheets [37] ~150 50
MoS, /RGO [38] ~150 41
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TSC Charge Transfer & ECSA Evolution
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Normalized intensity (arb. units)

TSC Retention of Chemical Identity
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Undoped
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HPA-Doped Membrane Supplemental
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Superhydrophobic Surface Supplemental
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